The detection of Epstein-Barr virus (EBV) DNA load in nasopharyngeal (NP) brushing samples for diagnosis of nasopharyngeal carcinoma (NPC) has attracted great attention. Further improvements that eliminate the need for clinical settings will greatly extend its application. A total of 250 participants were recruited to obtain NP brushing samples. Brush sampling both with and without the guide of endoscopy was conducted in 38 NPC patients. EBV DNA load, EBV RNA transcript and EBV DNA C promoter methylation status were, respectively, evaluated. Typical latency II transcripts were observed in brushing samples from NPC patients but not controls. Unlike in tissues, multiple lytic gene transcripts were observed not only in NPC patients but also in controls. Apart from EBV RNA transcript, samples from NPC patients also showed higher levels of EBV DNA load and C promoter methylation degree than their controls. Qualitative analysis further showed that EBV DNA C promoter was methylated in all NPC patients but in only 18.4% of the control group. Combined analysis of EBV DNA methylated degree and EBV DNA load increased the sensitivity to 100% in the detection of NPC. Using qualitative methylated type as the criteria, up to 89.5% of samples collected via blind brushing showed consistent results with samples collected via endoscopy-guided brushing from NPC patients. Detection of the methylation status of EBV DNA C promoter in NP brushing samples shows great potential in diagnosing NPC and may provide an appealing alternative for the non-invasive detection and screening of NPC without the need for clinical settings. K E Y W O R D S diagnosis, Epstein-Barr virus DNA load, Epstein-Barr virus DNA methylation, nasopharyngeal brushing, nasopharyngeal carcinoma S U PP O RTI N G I N FO R M ATI O N Additional supporting information may be found online in the Supporting Information section.
| INTRODUC TI ON
Nasopharyngeal carcinoma (NPC) is a highly invasive and metastatic cancer that is widely prevalent in southern China. Although the overall survival rate is approximately 90% in patients diagnosed with early clinical stage disease, unfortunately, most patients are diagnosed with advanced stage diseased at their first visit to the hospital, and the survival rate decreases to <50%. 1 Previous studies have demonstrated that genetic susceptibility, endemic environmental factors and Epstein-Barr virus (EBV) infection constitute the three etiological contributors to NPC. 2 Although EBV is ubiquitous, it is so closely linked to NPC that nearly 100% of tumor lesions possess EBV genomes in undifferentiated type NPC (WHO type III), the predominant type of NPC in endemic areas. Squamous cell (WHO type I) and non-keratinizing (WHO type II) NPC are also frequently associated with EBV in endemic areas. 3 The infection of epithelial cells by EBV is a typical characteristic of NPC in high-risk areas. 4, 5 To date, substantial efforts have been made to develop a simple and reliable method to facilitate diagnosis and screening of NPC by testing EBV-related biomarkers. Antibody titers against EBV serum antigens, including viral capsid antigen (VCA), EBV nuclear antigen 1 (EBNA1) and early antigen (EA), have been frequently used in highrisk areas. However, the results of these serological tests alone have proven to be insufficient to accurately diagnose NPC, because IgA antibodies are also often present in those who are not NPC patients. 6 Since the late 1990s, detection of EBV DNA load in plasma or serum has gradually been established as a powerful biomarker of NPC. [7] [8] [9] [10] EBV DNA in plasma from NPC patients is from tumor cells although it is considered as fragmented DNA released into blood. 11 Recently, a large-scale study involving 20 174 asymptomatic male subjects in an endemic region directly confirmed the role of plasma EBV DNA for screening of NPC, 12 although some studies show that EBV DNA appears to be of limited value in diagnosing NPC patients with early clinical stage and local recurrence. 13 Besides the detection of EBV DNA load in plasma, nasopharyngeal (NP) brushing/swab samples are also used for qualitative and quantitative detection of EBV DNA, because NP brush sampling could be used to accurately and less invasively obtain samples from the nasopharynx. High sensitivity (87.3%-96.4%) and specificity (90%-98.4%) in NPC diagnosis are observed in people from multiple highrisk areas, including those in the present study. [14] [15] [16] [17] [18] [19] [20] [21] Recently, the high levels of EBV DNA loads in NP brushing samples from NPC patients have proven to directly reflect tumor origin. 27 However, EBV DNA load is also present in some NP brushing samples from normal NP, although with low levels, 15, [18] [19] [20] which challenges the hypothesis that normal NP epithelial cells are negative for EBV infection. 28 Our study showed that EBV DNA load was detectable in 87.8% of NP brushing samples (n = 82) from the control group in the high-risk area. 20 Another study revealed that 89% of NP brushing samples (n = 905) showed positive EBV DNA load and this increased with increasing serum VCA-IgA titers. 15 Currently, the EBV DNA in NP brushing samples from the control group is not clearly defined.
Nasopharyngeal brush sampling usually requires the insertion of a brush by clinical experts into the nasopharynx under the guide of nasal endoscopy to accurately obtain samples from suspected areas.
However, brush sampling without the need for clinical settings will greatly extend its application in NPC diagnosis and screening. In this study, the methylation status, including quantitative and qualitative analysis of EBV DNA C promoter (Cp), was found to both have a significant difference between NPC patients and the control group from a high-risk area. This difference can be used to further improve the detection of NPC. More importantly, our study revealed that detecting the methylated type of EBV DNA C promoter in NP samples via blind brushing showed great potential in diagnosing NPC and may provide an appealing alternative for the non-invasive detection and screening of NPC without the need for clinical settings.
| MATERIAL S AND ME THODS

| Patients and controls
A total of 250 participants undergoing NP brush sampling were recruited in this study: 130 NP brushing samples were collected from participants when they underwent NP biopsy at Sun Yat-Sen University Cancer Center (SYSUCC); 104 samples were obtained from patients who exhibited biopsy-proven NPC, and 26 samples were obtained from patients who were finally diagnosed with chronic nasopharyngitis (n = 23) or other non-NPC tumors (n = 3).
Meanwhile, 50 NP brushing samples were collected from healthy individuals at Sihui City of Guangdong Province. All of these 76 people were defined as the control group in a high-risk area. A total of 70 NP brushing samples were collected from people in a low-risk area at Yangquan City of Shanxi Province. This study was approved by the Human Ethics Committee of the Sun Yat-Sen University Cancer Center, and all participants provided informed consent.
| Sampling procedures
Nasopharyngeal brush sampling has been described in our previous studies. 20, 22, 29 Briefly, it was conducted under the guidance of endoscopy by experienced specialists. Endoscopy was used to evaluate the entire nasopharynx to find the sites of suspicious tumors. Before the biopsy, an NP brush (Copan Diagnostics) was inserted via the nose until the NP cavity was reached. Subsequently, the brush was rotated several times over the NP epithelium at the site of the suspected lesion and quickly removed. Two brushing samples were collected for each participant. One was used for DNA extraction and the other was for RNA extraction. In addition, brushing without the guidance of endoscopy (defined as blind brushing) was concurrently conducted in 38 NPC patients. Immediately after sampling, the brush tip (1.5 cm) was cut and placed in 1 mL of RNAlater (Invitrogen) and stored at −80°C until use.
| DNA and RNA extraction
As described in our previous study, 20 total DNA from NP brushing samples was extracted using an automated workstation (Hamilton Robotic) following the protocol recommended by the manufacturer.
A final elution volume of 150 μL was obtained after the whole extraction procedure. As described in our previous study, 22 total RNA from biopsy tissue and NP brush samples was extracted using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions.
DNA and RNA concentration was quantified using a NanoDrop 1000 Spectrophotometer (NanoDrop Technologies).
| Quantitative PCR of Epstein-Barr virus DNA load
The EBV DNA loads in NP brushing samples from all participants were quantified by quantitative PCR (Q-PCR). Our real-time Q-PCR was based on a previously mature fluorogenic PCR reaction system. 7 In this system, amplification primers targeting the BamHI-W region of the EBV DNA genome and a dual-labeled hybridization probe were included. Two primers and a probe targeting the β-globin gene were used as a reference for quality control.
All the sequences of primers and probes used are listed in Table   S1 . The standard sample ladders (10 3 , 10 4 , 10 5 , 10 6 and 10 7 copies/μL) were used to obtain the standard curve. Each PCR reaction was set up in a volume of 8 μL, including 4 μL PCR master mix, 1 μL primer, 0.2 μL probe, 0.8 μL water and 2 μL DNA template.
Thermal cycling was initiated with a denaturation step of 5 minutes at 95°C, then 45 cycles of 95°C for 15 seconds, 60°C for 30 seconds and 72°C for 15 seconds, and then 72°C for 5 minutes.
The EBV DNA and β-globin levels in brushing samples were expressed as copy/ng DNA.
A comparative EBV DNA Q-PCR analysis was also performed, as described in previous studies, 27 to distinguish the intact DNA or the fragmented DNA. In brief, dye-based Q-PCR, respectively, targeting a 99 and 213 bp region of Epstein-Barr virus nuclear antigen-1 (EBNA1) was simultaneously performed in one sample. The sequences of the two paired primers targeting EBNA1 are listed in Table S1 . During PCR amplification, EBV DNA from EBV positive cell lines C666 was used as the positive control. The standard sample ladders (10 1 , 10 2 , 10 3 and 10 4 copies/μL) were used to obtain the standard curve. Each PCR reaction was set up in a volume of 10 μL including 5 μL PCR master mix, 1 μL primer, 3 μL water and 1 μL DNA template. Thermal cycling was initiated with a denaturation step of 5 minutes at 95°C, then 40 cycles of 95°C for 10 seconds, 55°C for 15 seconds and 72°C for 30 seconds, and then 72°C for 7 minutes. The EBV DNA in brushing samples was expressed as copy/μL. When the ratio (99 bp EBNA1 expression divided by 213 bp EBNA1 expression) was over 1.5, the sample was thought to have fragmented EBV DNA.
| cDNA synthesis and quantitative PCR of Epstein-Barr virus RNA transcript
Due to insufficient RNA quality, 10 brushing samples were excluded from the RNA analysis. Finally, 99 out of 104 brushing samples from NPC patients and 71 out of 76 brushing samples from the control group were tested for EBV RNA transcripts. Biopsy tissues from 36 NPC patients and 13 patients with chronic nasopharyngitis obtained from the biobank of our cancer center were also used. Relative quantification of six latent genes (EBER1, BART, EBNA1, EBNA2, LMP1 and LMP2A) and five lytic genes (two immediately early genes, Zebra and Rta, two early genes, PK and TK, and one late gene, VCA-p18) were measured. The level of U1A housekeeping gene in each sample was used for EBV RNA level normalization. The sequences of the EBV RNA primers and U1A housekeeping gene are listed in Table S1, as described in a previous study. 27 A total of 500 ng RNA was first used for cDNA synthesis. Each reaction contained 2 μL reverse transcription buffer and 8 μL template water. After the reaction, 40 μL of water was added so that the concentration became 10 ng/μL. Each Q-PCR reaction was set up in a volume of 10 μL, including 5 μL PCR master mix, 1 μL primer, 3 μL water and 1 μL cDNA template. Thermal cycling was initiated with a denaturation step of 5 minutes at 95°C, then 45 cycles of 95°C for 10 seconds, 58°C for 15 seconds and 72°C for 30 seconds, and then 72°C for 7 minutes were carried out.
| Methylation-specific PCR of Epstein-Barr virus DNA C promoter region
The methylation status of the C promoter of EBV DNA was detected by methylation-specific PCR as described previously. 27 In brief, genomic DNA from NP brushing samples was first modified by bisulfate treatment and purified using the methylation kit (ZYMO RESEARCH) according to the manufacturer's instructions. The modified DNA was used as a template for PCR amplification using primers specific for either methylated or modified unmethylated DNA. The primer sequences are showed in Table S1 
| Statistical analyses
The Mann-Whitney test (two-tailed) was used to compare the differences in quantitative EBV DNA loads, EBV RNA transcripts and methylated degree between NPC and control groups. Correlations between EBV DNA load and frequency of gene transcripts were assessed by applying Spearman correlation coefficients and were subjected to two-tailed significance tests. Differences in the qualitative epigenetic type of EBV DNA C promoter between NPC and controls were evaluated using a χ 2 test. Receiver operating characteristic (ROC) curves were used to select cut-off values (COV) of methylated degree with maximum sensitivity and specificity. P < 0.05 was considered significant. The statistical analyses were performed using the SPSS 16 software. Table S2 .
| RE SULTS
| Epstein-Barr virus DNA loads in nasopharyngeal brushing samples
To determine whether the EBV DNA was intact or fragmented, we also performed a comparative EBV DNA Q-PCR analysis. The results revealed that most of the EBV DNA in NP brushing samples from NPC patients was intact while higher levels of fragmented DNA indicated that an apoptotic origin was observed in 12 samples ( Figure S1 ). Comparative PCR analysis was not done in the control group due to the low EBV DNA loads and positive rate.
| Epstein-Barr virus RNA transcripts in nasopharyngeal brushing samples
To further clarify the source of the EBV DNA in NP brushing samples, the EBV RNA profile including six latent gene (EBER1, BART, EBNA1, EBNA2, LMP1 and LMP2A) and five lytic gene (Zebra, Rta, TK, PK and VCA-p18) transcripts was measured. EBV RNA transcripts in some biopsy tissues were also included. Quantitatively, all the gene transcripts in the control group were much less than their transcripts in NPC patients (Table S3 ). Qualitatively, the latency II transcription profile with EBER1, BART, LMP1, LMP2A, EBNA1 but not EBNA2 expression was observed in both NP brushing samples and tissues from NPC patients (Figure 2 and Figure S2 ). 
| Epstein-Barr virus DNA C promoter methylation in nasopharyngeal brushing samples
The methylation status of EBV C promoter was further examined in NP brushing samples from both NPC patients and controls. A F I G U R E 1 Epstein-Barr virus (EBV) DNA loads in nasopharyngeal (NP) brushing samples were different in three groups. A, EBV DNA loads in brushing samples from NP carcinoma (NPC) patients had higher EBV DNA loads compared to the load in the control group. There was also a significant difference in EBV DNA loads in control groups between the high-risk and low-risk areas. B, The positive proportion of EBV DNA loads (86.8% vs 44.3%) in control groups also had a significant difference between the high-risk and low-risk areas significant difference was observed between NPC patients and the control group in the high-risk area (Figure 3 and Table 1 ). In NPC patients, the predominant status of EBV C promoter was methylated. There were 39 samples with only methylated bands (defined as M) and 65 samples with both methylated and unmethylated bands, but the methylated degree were significantly greater than the un- 
| Combination of Epstein-Barr virus DNA load and methylation detection can improve the diagnosis of nasopharyngeal carcinoma
In our previous study, the cut-off value (COV) for EBV DNA loads in NP brushing was defined as 225 copy/ng DNA. 20 This was used to calculate the sensitivity and specificity, as shown in Table 2 : 95.2% sensitivity and 96.1% specificity were obtained by EBV DNA load detection. Under this condition, there were also 5 NPC cases with EBV DNA load below the COV and 3 controls with EBV DNA load above the COV. The EBV DNA loads in these samples were from 78 to 418 copies, located near the COV (Table S4 ).
The cut-off value for EBV DNA C promoter methylated degree was defined as 33.49 (the brightness of EBV DNA methylated band), determined by receiver operating characteristic (ROC) curves.
Similarly, 95.2% sensitivity and 94.7% specificity were obtained.
There was a significant correlation between quantitative EBV DNA load and EBV DNA methylated degree (P < 0.001). Using qualitative methylated type as the criteria, 100% sensitivity and 81.6% specificity was obtained ( Table 2) .
A combined analysis was conducted to explore whether the accuracy could be increased. Samples with EBV DNA loads located from 78 to 418 copies were further selected for the methylated analysis of EBV DNA C promoter. There were 13 samples from NPC patients and 17 samples from controls (Table S4 ). Using either EBV DNA load or EBV DNA methylated degree as the criteria, there were still 2 patients with false negativity and 4 controls with false positivity. Therefore, 98.1% sensitivity and 94.7% specificity was obtained. Using either EBV DNA load or EBV DNA methylated type as the criteria, the sensitivity increased from 95.2% to 100% and the specificity was 93.4%. (Table 3 and Table S5 ).
| Detection of Epstein-Barr virus C promoter methylation showed great potential in the diagnosis of nasopharyngeal carcinoma via blind brushing
Different from the quantitative EBV DNA load and EBV DNA C promoter methylated degree, up to 89.5% (34/38) of samples collected via blind brushing showed consistent results of qualitative methylated type with samples collected via endoscopy-guided brushing from NPC patients. All the samples were of methylated type with M or M > U ( Table 3 and Table S5 ).
| D ISCUSS I ON
The application of EBV DNA load detection in NP brushing/ swab samples for NPC auxiliary diagnosis and screening has been F I G U R E 2 There was a significant difference in the RNA transcript of Epstein-Barr virus (EBV) DNA between nasopharyngeal carcinoma (NPC) patients and the control group. Positivity of EBV latent and lytic gene detection in brushing samples from NPC patients (A) and control (B) extensively studied and validated in different areas, including Hong Kong, 14 Taiwan, 17, 21 Canada, 16 Indonesia, 18, 19 Guangxi 15 and Guangdong 20 . Improvement of its reliability and convenience is of great importance, especially when the use is not restricted to clinical settings, which may greatly extend its use in NPC diagnosis and screening.
In this study, a significant increase of EBV DNA load in NP brushing samples from NPC patients was observed compared to its load from the control group (Figure 1) . This result has been validated in previous studies, including ours. 20 Furthermore, it is interesting that the load ( Figure 1A ) and the positive proportion ( Figure 1B ) of EBV DNA also had a more significant increase in the control group from the high-risk area than from the low-risk area. This increase is consistent with the observation of a high incidence of NPC in the high-risk area.
In the present study, the characteristics of the EBV DNA in NP brushing samples were focused on. First, whether the EBV DNA was intact or fragmented was evaluated by comparative Q-PCR. This showed there were only a few samples (12 out of 104) with fragmented DNA, consistent with the results of a previous study ( Figure   S1 ). In that study, 6 out of 33 brushing samples were found to have fragmented EBV DNA. 27 Second, the source of the EBV DNA was further investigated by detecting the EBV RNA transcripts in the NP brushing samples (Figure 2 , Table S3 and Figure S3 ). As expected, typical latency II transcripts, including EBER1, BART, EBNA1, EBNA2 AND LMP2A, were found in brushing samples from NPC patients but not controls. It was interesting that greater frequency of lytic gene transcripts was found in brushing samples from NPC patients as well as controls (Figure 2 ) compared to the RNA transcript in biopsy tissues ( Figure S2 ). Significant correlation between EBV DNA load and gene transcript (including latent gene and lytic gene) was also found. These results suggest that EBV genomic DNA from cells and free EBV virion both contribute to the EBV DNA load in the NP brushing samples.
F I G U R E 3
There was a significant difference in methylation status of EBV DNA C promoter between nasopharyngeal carcinoma (NPC) patients and the control group. A, Representative results of methylationspecific PCR in NP brushing samples between NPC patients and the control group. In NPC patients, all the samples showed only methylated bands (ID 459 and 473) or showed both methylated and unmethylated bands (ID 289, 292 and 469), but the brightness of methylated bands was more obvious. In the control group, there were samples with only unmethylated band (ID 5), samples with the band brightness U > M (ID 1), samples with only the methylated bands (ID 7 and 20) and samples with no PCR bands (ID 9). NC, negative control; PC, positive control. B, Quantitative analysis of the methylated and unmethylated band brightness in representative samples. C, Quantitative analysis of the methylated and unmethylated band brightness in all the NP brushing samples It is known the C promoter of EBV DNA is unmethylated within the virion, while it becomes methylated when it is latent in NPC cells. 30 Subsequently, the methylation status of EBV DNA C promoter in our study indicated that EBV DNA in NP brushing samples from NPC patients was mainly from EBV latent tumor cells, which is consistent with results of previous studies ( Figure 3 and Table 1 ). 27 In contrast, unmethylation was predominant in most samples from the control group. It seemed that most of the EBV DNA in the samples was probably from free EBV virion. A previous study reported that EBV DNA load in nasopharynx increased with the increasing serum VCA/IgA titers in healthy individuals with a large sample size (n = 905). 15 The increase of serologic antibodies has been demonstrated to be closely related with the risk of NPC in prospective 19, 20, 22 Further improvement in identifying these false negative patients is important in clinical practice. In this study, the quantitative methylated degree and qualitative methylated type were both analyzed.
Similar sensitivity and specificity were observed, compared to the EBV DNA load. To further increase the sensitivity, a parallel combined analysis was conducted. As expected, it increased the sensitivity from 95.2% to 100% using either EBV DNA load or qualitative methylated type as the criteria (Table 2 ). Therefore, detection of methylation status is strongly recommended in samples with EBV DNA load located near the COV (78-418 copies).
It is assumed that blind brushing without the guide of nasopharyngoscope will decrease the quantity of tumor cells, leading to low levels of EBV DNA load as well as low EBV DNA methylated degree.
A pilot study was conducted as part of the present study. As expected, the median EBV DNA load decreased from 5144 copies to 275 copies (Table 3) . At COV = 225 copies, the positive proportion of blind brushing was only 55.3% (21/38), far from the positive proportion of brushing under the guide of endoscopy. A similar result was observed considering the EBV DNA methylated degree, because there was a significant correlation between the two indicators.
Unlike EBV DNA load and EBV DNA methylated degree, detection of EBV DNA C promoter methylated type is a qualitative method.
In contrast, up to 89.5% (34/38) of samples collected through blind brushing showed consistent results for qualitative methylated type with samples collected via endoscopy-guided brushing from NPC patients ( Table 3 ). This suggested that this test could be effective without prior knowledge of tumor location. Encouragingly, this qualitative test might be much easier to apply in a non-clinical setting due to its low cost and independence of Q-PCR equipment.
However, positive rates in controls have not yet been evaluated in this study. On one hand, negative results of methylated detection were already observed in 51.3% (39/76) of brushing samples under the guide of endoscopy ( Table 1 ). Most of these samples had very low levels of EBV DNA loads. In contrast, blind brushing greatly decreased the EBV DNA load, as shown in NP brushing samples from NPC patients (Table 3 ). It is concluded most of samples from healthy individuals would not have PCR amplification of EBV DNA C promoter. Therefore, the specificity was not further evaluated.
In conclusion, the methylation status of EBV DNA C-promoter in nasopharyngeal brushing samples was found to have a significant difference between NPC patients and the control group. This difference could be used to make a better diagnosis of NPC along with the EBV DNA load. More importantly, detection of EBV DNA methylation shows great potential in the diagnosis of NPC through blind brushing, a brush sampling technique that does not require clinical settings. Therefore, it has great potential to be applied for the screening of NPC in the future.
